To investigate the impact of loneliness on all-cause mortality in the oldest old population over a 10-year follow-up. Method: Participants were from the third wave of the Cambridge City over-75s Cohort (CC75C) study, a population-based longitudinal study of older people aged 75 or over. Loneliness was measured two further times. At each wave, participants were asked how often they felt lonely and the answers were divided into three levels: not lonely, slightly lonely and lonely. The relationship between loneliness and all-cause mortality was examined using Cox regression with loneliness as a time-varying predictor. The association was adjusted for socio-demographic factors, number of chronic diseases, functional ability and depression. Results: Seven hundred thirteen participants were seen at wave 3 (out of 2166 at baseline), of whom 665 had data on loneliness. The prevalence of feeling slightly lonely and lonely was 16% and 25%, respectively. Vital status was followed for a further 10 years. A total of 562 participants died during the follow-up. After adjusting for age, sex and other socio-demographic factors, loneliness was associated with a 20% increased risk of mortality (HR: 1.2, 95% CI: 1.0-1.6). The association was disappeared after further adjusting for health conditions and depression (HR: 1.0, 95% CI: 0.8-1.4). Individuals who reported being slightly lonely were not at risk of mortality. Conclusions: The association between loneliness and mortality was fully explained by health conditions, suggesting that in the very old age, health problem is the proximal risk factor for mortality.
Introduction
In recent years, there has been a growing interest in the association between loneliness and mortality among older adults (Holt-Lunstad, Smith, Baker, Harris, & Stephenson, 2015) . However, findings from research to date are inconsistent. Several population-based studies have found a strong association between loneliness and mortality (Holwerda et al., 2012; Penninx et al., 1997; Shiovitz-Ezra & Ayalon, 2010; Tilvis, Laitala, Routasalo, & Pitkala, 2011) , whereas, other studies failed to find such association. For instance, one of the largest, the English Longitudinal Study of Ageing (ELSA) followed 6500 men and women (aged 52 and older) who took part for over 7 years and found no such relationship (Steptoe, Shankar, Demakakos, & Wardle, 2013 ). An important study from Japan found a relationship but that it was fully explained by reported health problems (Sugisawa, Liang, & Liu, 1994) .
In addition, most of these studies measured loneliness at a single time point, despite the fact that loneliness may change over time. Previous studies suggest around one in 10 of those aged 85 years experiences fluctuating loneliness ("in-and-out" loneliness) and worsening loneliness (12%, 11% respectively) (Brittain et al., 2017) . Failing to consider loneliness as a time-varying predictor can limit the ability to better understanding the nature of association between loneliness and mortality. Only one published study has looked at the association between loneliness and mortality in which loneliness was treated as a time-varying factor. In that study, loneliness was assessed at four time points, and the association between loneliness and allcause mortality and cardiovascular-related mortality did not reach statistical significance once sociodemographic characteristics and cardiovascular risk factors were taken into account (Julsing, Kromhout, Geleijnse, & Giltay, 2016) . No published studies have focused on the relationship between loneliness and mortality in the oldest old yet, though one study has examined the role of loneliness in the association between depression and mortality among individuals who were aged 85 years. According to that study, depression with loneliness contributed to a doubled risk of mortality compared to depression alone (Stek et al., 2005) .
It is reported that in Britain, approximately one-third of the older population (aged 65 or older) experience loneliness at sometimes, and about an additional 7% report feeling lonely frequently (Victor, Scambler, Bowling, & Bond, 2005) . Moreover, a literature review showed that in western countries the prevalence of loneliness increases at advanced ages, and about 40%-50% of the oldest old (aged 80 and over) report feeling lonely frequently compared to approximately 26% of the young older adults (aged 65-79 years) (Dykstra, 2009) . Thus, given the fact that the oldest old are facing an increased risk of experiencing loneliness, it is important to investigate the association between loneliness and mortality in this age group.
In summary, to fill the research gaps and to further clarify the nature of the association between loneliness and mortality, we tested the effect of loneliness on all-cause mortality by conducting a Cox regression with samples from a UK longitudinal population-based study of the oldest old.
Methods

Participants and measures
Current analysis was based on data drawn from wave 3 of the Cambridge City over-75s Cohort (CC75C) study, one of the largest and the longest-run population-based prospective cohort study of people aged 75 and over. The study design and methods have been described elsewhere (Fleming, Zhao, O'Connor, Pollitt, & Brayne, 2007) . Briefly, in 1985, 2610 individuals who were aged 75 years and over from selected geographically and socially representative primary care practices in Cambridge participated. One area was excluded because of differential recruitment and 2166 formed the baseline sample for this longitudinal cohort. These participants were then followed up through nine further interviewing waves. At baseline and each subsequent wave, all eligible participants were asked to answer a similar questionnaire delivered by trained interviewers. Information collected at each wave included socio-demographics, social contacts, health status and cognition. The CC75C is a study approved by local research ethics committees. Informed written consent or appropriate consent from those without capacity was obtained from eligible participants at each wave according to national ethical and legal frameworks at the time.
From wave 3 (1991-1992) and onwards, participants were asked "Do you feel lonely?" with possible answers: "very lonely", "lonely", "slightly lonely" and "not at all lonely". This analysis uses the loneliness measures from this and two more waves over a 10-year follow-up: wave 4 (1995-1996) and wave 5 (1998-1999) . Due to the small frequency of the response option "very lonely" at each of these waves, the responses "very lonely" and "lonely" were combined as one category. Thus, loneliness was divided into three levels" "not lonely", "slightly lonely" and "lonely/ very lonely", but for convenience the following test uses the term "lonely" to refer to the combined category.
The choice of covariates was based on previous studies (Shiovitz-Ezra and Ayalon, 2010; Sugisawa et al., 1994) . All covariates of interest were measured at wave 3. Demographic variables included age, sex, residential type (house/flat/granny flat, warden controlled house, council or private residential home, and long stay hospital), marital status (married, widowed, separated/divorced, and single) and education level (age left school <15 years, age left school 15 years). Co-morbidity was measured as the number of reported doctor-diagnosed chronic diseases (angina, heart attack, problems with circulation in legs, high blood pressure, chronic bronchitis, stroke, sudden weakness or difficulty with speech, memory or vision, diabetes, thyroid problems, severe headaches or migraine and others), categorised into 0-2 or 3 conditions. Depression was measured by a series of questions (n = 10) derived from the Cambridge Examination for Mental Disorders in the Elderly (CAMDEX) (Roth et al., 1986) whose diagnostic criteria for depression is reported to be virtually identical to DSM-III criteria for major depressive disorder (American Psychiatric Association, 2013). The total score for depression was the sum of the score of each question, which ranged from 0 to 10. Depression was defined if score 6. Physical functioning categorised participants by their responses to questions on activities of daily living (Lawton & Brody, 1969) as no disability, Instrumental ADL disability only or disability in both basic ADLs & IADLs. The score was derived from responses to four basic ADL measures (bathing, dressing, getting to the toilet on time and grooming), and two IADL measures (cooking and housework).
All participants were flagged at the United Kingdom Office of National Statistics from where the death certification was obtained. The survival time for current analysis was computed based upon the time that wave 3 was initiated (1991) (1992) and a follow-up of 10 years. An overview of the analysis is presented in Figure 1 .
Statistical analysis
To be included in the analysis, participants had to provide information on loneliness at wave 3 (n = 665). There was a small amount of individuals did not provide data on loneliness at wave 3 (n = 48) (Supplementary information S1), to adjust for loneliness non-response, inverse probability weighting was computed. The weight was calculated based on age, sex, education level, social class, disability and cognitive function. The participants' characteristics were first compared according to the level of loneliness measured at wave 3. The association between time-varying loneliness and all-cause mortality was investigated by using the Cox regression model with progressive adjustments for covariates. In total, three models were fitted: Model 1 was adjusted for age, sex and other demographic factors, such as residential type, marital status and education, Model 2 was further adjusted for number of doctor-diagnosed diseases and physical functioning, and Model 3 was additionally adjusted for depression. This allowed us to see how the association between loneliness and all-cause mortality is explained by covariates. Complete case analysis was carried out first. However, as the percentages of missing data on loneliness for wave 4 and wave 5 are relatively high (Supplementary information S1), excluding missing data may result in a biased conclusion. The missingness of loneliness at wave 4 and 5 was related to cognitive function measured at wave 3 (Supplementary information S2), which led to the missingness was missing at random (MAR) (Little & Rubin, 2014) . Thus, multiple imputation by chained equation was implemented to impute missing values on loneliness. The covariates included in the imputation model were those included in the Cox regression model with the addition of further variables: cognition, a status indicator (died or censored), time to death and number of waves the participants attended (Azur, Stuart, Frangakis, & Leaf, 2011; De Silva, Moreno-Betancur, De Livera, Lee, & Simpson, 2017; White, Royston, & Wood, 2011) . Thirty sets were added in multiple imputation to obtain 30 sets of imputed data. Results from complete case analysis (not shown) and analysis with imputed data were very similar. The results reported in this paper were based on MI analysis.
Three sensitivity analyses were conducted. The first analysis aimed to test whether the association between loneliness and mortality was influenced by the length of followup. To do so, a 5-year mortality risk of loneliness was examined. The second analysis was to examine the possibility that the association between loneliness and mortality was moderated through unmeasured fatal diseases, such as cancer, by excluding individuals who died within one year of loneliness initially being recorded. The third analysis was to test the potential bias due to left truncation (i.e. left truncation occurs when participants meet the entry criteria but remain unobservable until a period after the start of follow-up: in this study, loneliness was measured from wave 3 and onward waves, but it is possible that individuals may have experienced loneliness over many years before wave 3). All analyses were conducted after applying cross-sectional weight for wave 3 and adjusting the weight for non-response to the loneliness question at wave 3. A p value <0.05 was considered statistically significant. Statistical tests were implemented in Stata v13.1 (StateCorp LP, College Station, TX, USA).
Results
At wave 3, the mean age of participants was 86 years old (age range: 81-103 years). Most were women, living in a house/flat/granny flat, widowed, had left school before age 15, with fewer than two reported doctor-diagnosed diseases, and were disabled but not depressed (Table 1) . Table 2 shows the weighted percentage of participants in each category according to loneliness level measured at wave 3. Of 665 participants, over half (59%) did not feel lonely, 16% reported feeling slightly lonely and a quarter reported loneliness. The prevalence of feeling lonely was high among women and individuals who were widowed, and amongst those who had both IADL and ADL disabilities or who were depressed.
A total of 562 participants died over the 10-year followup. The Kaplan-Meier survival curves for participants who did not feel lonely and who felt slightly lonely or lonely are shown in Figure 2 . Table 3 presents the adjusted hazard ratios associated with loneliness. After adjusting for age, sex and other socio-demographic factors, feeling lonely was associated with a 20% increased risk of mortality (Model 1). The hazard ratios were attenuated to 1.1 (95% CI: 0.9-1.5) after further adjustment for number of chronic diseases and functional impairments (Model 2). The hazard ratios were decreased to 1.0 (95% CI: 0.8-1.4) after additional adjustment for depression (Model 3). Individuals who felt slightly lonely did not have increased risk of mortality relative to the non-lonely group. Results from the sensitivity analysis that examined the effect of loneliness on 5-year mortality were generally in line with the results in the main analysis. However, the significance of association between loneliness and mortality remained after adjusting for socio-demographic factors and physical health (i.e. number of chronic diseases and functional impairments) but, as in the 10-year survival analysis, disappeared after further adjustment for depression (Supplementary information S3a). In addition, the estimated hazard ratio excluding individuals who died in the first 24 months remained similar to the results in the main analysis (Supplementary information S3b).
Discussion
This study investigated the associations between loneliness and all-cause mortality using a relatively large sample of the "oldest old". Feeling lonely was not associated with an increased risk of mortality amongst older old people over a 10-year follow-up after adjusting for health conditions. No association was found between slight loneliness and mortality. The results from sensitivity analyses suggested that the results from main analysis were not biased due to left truncation and the unmeasured fatal diseases did not moderate the association between loneliness and all-cause mortality for this study population. In addition, findings from analysis of 5-year mortality risk of loneliness implied that the mental health problems might have more direct effects on mortality risk than physical health decline at later life stages.
To our knowledge, this is the first study to investigate the association between loneliness and all-cause mortality in the oldest old. Strengths include multiple measures of loneliness during follow-up and inclusion of a wide range of covariates that allows us to better understand the nature of the association between loneliness and mortality. In particular, we have included depression and functional impairments as confounders as it is reported that depression and functional impairments are associated with both loneliness and mortality (Cuijpers & Smit, 2002; Martikainen & Valkonen, 1996; Russell, 1996; Singh & Misra, 2009) . One of the potential limitations is that participants were followed up from wave 3 and onwards instead of from the beginning of the study, which makes survival bias possible. However, cross-sectional weight was used to adjust for dropout from wave 1 to wave 3 and those who skipped from wave 2 but returned for wave 3. Moreover, compared to loneliness responders, loneliness non-responders were older and were more likely to be women, not married, live alone, of manual social class, have IADL as well as ADL disabilities and severe cognitive impairments. Therefore, the results could be biased due to non-response, but inverse probability weighting and multiple imputation were used to adjust for wave 3 loneliness non-response and subsequent loneliness non-responses respectively, to create better representation of the original oldest old population. Loneliness was measured through a single-item scale which assumed that each individual has a common understanding of loneliness, while in reality, this is not true. Loneliness is a multi-dimensional concept with different causes. Weiss (1973) has distinguished two components of loneliness: social and emotional, in which social loneliness is a result of the absence of social network and emotional loneliness is a consequence of lacking intimate relationships. Therefore, use of a single-item scale not only simplifies the nature of loneliness but also limits our ability to test and distinguish to what extent social loneliness and emotional loneliness exerts adverse effects on mortality, whether they affect mortality risk independently or simultaneously. In addition, it has been argued that any attempt to measure loneliness directly may underestimate the true prevalence of loneliness as people may not report loneliness because of social stigma (Pinquart & Sorensen, 2001) . The covariates in these analyses were measured at one-time point. There is a possibility that changes in covariates during follow-up could contribute to subsequent changes in loneliness level (Tijhuis, de Jong-Gierveld, Feskens & Kromhout, 1999; Victor & Bowling, 2012) . However, in the current analyses, we have taken the time-varying nature of loneliness into account. Despite changes in covariates possibly influencing the overall association, we conclude from the current study that loneliness was not associated with increased mortality risk. Covariates indicating health conditions -the number of doctor-diagnosed chronic diseases, physical functioning and depression -were self-reported rather than confirmed from medical records or diagnostic assessments, so are potentially either over-or under-reported. Although this study adjusted for multiple factors identified in previous research as potential confounders, we cannot completely rule out the possibility that the relationship between loneliness and mortality may be affected by other unmeasured factors that can cause feelings of loneliness. However, results from sensitivity analyses excluding individuals who died within one year were similar to the results from the main analyses, implying that terminal illness is not a key factor. The finding from this study that loneliness was not significantly associated with increased mortality risk after controlling for health problems is in line with previous studies with younger samples (Julsing et al., 2016; Steptoe et al., 2013; Sugisawa et al., 1994) . Though we did not test causal mechanisms underpinning this association, the reduction in hazard ratio and the loss of significance in the association between loneliness and mortality after adjusting for number of chronic diseases, functional impairments and depression suggests that these health problems are important mediators of the effect of loneliness on mortality. In a recent longitudinal study conducted with a nationally representative sample of older Americans, researchers found that health status and self-rated health are the proximal mechanisms through which loneliness affects mortality risk. Specifically, loneliness predicted increases in depressive symptoms and physical impairments and reductions in subject health over two years, which in turn increased the risk of mortality (Luo, Hawkley, Waite, & Cacioppo, 2012) . However, different pathways may exist. For example, the Longitudinal Aging Study Amsterdam (LASA) found that mortality risk of loneliness was only partially explained by physical health, but was fully explained with a further adjustment for mental health and cognitive function (Ellwardt, van Tilburg, Aartsen, Wittek, & Steverink, 2015) . By contrast, a number of studies did find a significant association between loneliness and mortality. Such inconsistent findings might be due to the differences in confounders that were controlled for and the differences in measures of loneliness. For instance, in the Tilvis et al. (2011) study, apart from age, sex and self-rated health, they did not adjust for any other covariates such as health problems and depression.
Despite the results of analysis after excluding individuals who died in the first 24 months being very similar to that in the main analysis, it is possible that loneliness is an early sign of undiagnosed diseases, raising a question of whether a reverse causation exists in which individuals with undiagnosed diseases are more likely to report feeling lonely. Furthermore, as stated earlier, loneliness may impact on mortality risk through multiple pathways, such as a physiological pathway (e.g. chronic diseases, self-rated health) or psychological pathway (e.g. depression, cognitive function) with psychological pathway is under-investigated. Therefore, to fully understand the nature of association between loneliness and mortality, psychological mechanisms need to be further tested. However, apart from depression, longitudinal studies that examine the causal relationships between loneliness and other mental disorders or cognition are rare, especially rare with samples of the oldest old. Thus, future research needs to focus on testing the causal link between these, which will further enable us to have a better understanding of the relationship between loneliness and mortality in the oldest old.
In summary, the present study did not find an association between loneliness and increased all-cause mortality in the oldest old after an adjustment for demographic factors, physical health and depression. In addition, no association was found between slightly loneliness and all-cause mortality. The relationship between loneliness and ill health needs further exploration.
